This paper describes the integration of surface acoustic wave (SAW) filters, microfabricated transmission lines, and sensors onto polymer substrates to enable a passive wireless sensor platform. Incident microwave pulses on the integrated antenna are converted to an acoustic wave via the SAW filter and transmitted to a notional impedance-based sensor, which for this work is a photodiode.
INTRODUCTION
Energy collection and storage can often limit the effectiveness of distributed wireless sensor networks. Utilization of sensor nodes equipped with either battery or power scavenging technology for long term applications can be challenging. Batteries have a finite amount of stored energy which limits the useful lifetime of the sensor. The energy landscape available to a power scavenging device can be unreliable and uncontrollable. It is possible to extend the lifetime of a sensor through low power electronics and power management [1, 2] , but the energy available at the device is still limited.
Surface acoustic wave (SAW) devices can offer wireless sensor nodes a locally passive method of operation in environments where battery or scavenged power is not viable. Similar to a passive radio-frequency identification (RFID) system, a SAW based sensor system is powered by the energy of a microwave interrogation pulse. A SAW sensor connected to an antenna receives electromagnetic energy at one port, converts the electromagnetic energy to acoustic energy internally, and converts the acoustic energy into a narrow band electrical interrogation signal on the output port. The output signal "pings" a sensor which has varying impedance based on its state. Due to the impedance mismatch at the load and SAW device, a signal is reflected back from the load, backwards through the SAW filter, and reradiated out the antenna. A calibrated receiver can detect the signal and determine the state of the sensor based on the reflected signature. In this way, a sensor node deployed in the field can remain dormant and functional for long periods of time.
A number of groups [3] [4] [5] have developed sensor tags that can monitor nearly any physical parameter, including tire health for automotive applications [6] . However, the majorities of sensors developed to date are based on rigid substrates and require connectors to external antennas. In this paper, we present a postage-stamp-size low-profile SAW sensor tag with an integrated antenna on a flexible plastic substrate. Specifically, we use a photodiode to wirelessly and passively sense light levels. These sensors, once fabricated, can be applied like postage stamps to flat or curved surfaces of structures.
MATERIALS AND METHODS

Fabrication
The SAW sensor tag is comprised of a microfabricated antenna and commercial-off-the-shelf (COTS) parts, including a nominal 315 MHz center frequency SAW filter (B376x, Epcos) and a visible wavelength photodiode (TEMD6010FX01, Vishay) atop a plastic substrate patterned with metal interconnects. The antenna and metal interconnects are patterned on either polyethylene terephthalate (PET) or polyimide sheets using modified surface micromachining methods for plastic substrates [7] , as shown in Figure 1 . Patterns are generated using a 1X contact photomask and standard UV exposure (b) 
. The features are developed (c), and metal is deposited using electron beam evaporation (d). Lift-off in acetone removes excess metal (e), and a 25 µm thick SU-8 (SU-8 25) passivation layer is patterned to define assembly sites and solder bumps (f).
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The metal features are comprised of chrome, nickel, and gold layers with thicknesses of 5 nm, 150 nm, and 100 nm, respectively. A 25 μm thick passivation layer of SU-8 is deposited to define solder bump areas for subsequent component attachment. Solder bumps are created by dipping the micromachined substrate in a liquefied bath of eutectic metal alloy (Indalloy, Indium Corp.) and withdrawing the substrate through an alloywater interface. An opening in the SU-8 passivation layer is created above the antenna to allow the thin-film antenna to be coated with a thick layer of the eutectic alloy during the solder bumping process. At 315 MHz, 255 nm of metal exhibits very high losses and would not create an efficient antenna. The addition of a 130 μm-thick layer of the eutectic solder increases the antenna thickness by over 500 times and greatly reduces losses in the antenna. Due to the short antenna length (2.81 cm), the sensor has a limited range at 315 MHz (free-space wavelength of 120 cm). Extra wire is soldered to the ends of the dipole antenna to form a resonant 315 MHz half-wave dipole.
The metal interconnects that guide the microwave signal from the SAW filter to the antenna and photodiode are electrically short coplanar slot lines with characteristic impedances on the order of 200 Ω. The subresonant antenna configuration has an input impedance of approximately 5 Ω and the SAW filters have an input impedance of 50 Ω. Alternative transmission line and antenna designs with input impedances closer to 50 Ω would reduce reflections, minimize system losses, and improve sensor tag efficiency.
The pads on the surface-mount components are also coated with the alloy by dipping the part into the alloy and withdrawing through the alloy-water interface. Liquid flux is applied to the alloy coated bond pads on both the substrate and COTS parts in order to remove surface oxides during alloy reflow. A hot air gun is used to melt the alloy once the COTS parts are positioned on the substrate. Upon cooling, the parts are mechanically and electrically connected to the sensor tag. A sensor tag, before and after component assembly, is shown in Figure 2 . The choice of using PET or polyimide substrates depends on the needs of the application. Polyimide allows for higher processing temperature and the use of 70 °C alloy (Indalloy 158, Indium Corp.). Due to tint present in polyimide films, it might be desirable to use PET in certain applications where a clear, transparent tag is needed. Temperatures need to be carefully controlled when working with PET due to the low 70 °C glass transition temperature of the plastic. When building PET based tags, a 47 °C alloy (Indalloy 117, Indium Corp.) is used. After COTS assembly, the components are passivated by a layer of epoxy to help mechanically secure the parts to the substrate. This passivation is particularly important to allow for flexing of the sensor tag without damaging the connection between substrate bond pads and surface mount pads. A 25 μm layer of SU-8 (SU-8 25) is deposited at temperatures below the melting temperature of the eutectic alloy. Flex testing of the final tag shows that low temperature processing of the SU-8 caused it to be brittle and prone to cracking but suitable for mechanically stabilizing the surface mount components.
Figure 2: A low-profile flexible sensor tag made on PET substrates prior to (a) and after (b) COTS parts assembly. Flexibility of the sensor tag is demonstrated (c).
Testing
A network analyzer (PNA-E8361A, Agilent) and a 315 MHz resonant dipole antenna is used to interrogate the sensor tag and receive the reflected signal. The network analyzer measures the reflected scattering parameter (s 11 ) in the narrow band defined by the SAW filter in order to determine the state of the sensor (Figure 3 ). By placing a SAW filter between the antenna and sensor load, it is possible to confine the response to a specific frequency. In applications where many sensors are used, different frequency bands can be allocated to different sensors. A tungsten filament fiber-coupled lamp (Model#8375, Fostec) is used to illuminate the photodiode with varying levels of light, thus causing a change in electrical impedance of the photodiode. The fiber end is situated 2 mm from the surface of the photodiode. 
RESULTS
Single Tag
A test was conducted with a separation distance of 3.6 m between the interrogation antenna and the sensor tag antenna. This tag used a 315.50 MHz SAW filter and an extended wire antenna for increased sensing range. The light source fixed at 2 mm from the photodiode was toggled between the off state and full output power. The response at the network analyzer in the form of s 11 magnitude indicates that at 315.50 MHz the peak grows under lighted conditions and shrinks under dark conditions (Figure 4 ). 
Dual Tags
Sensor networks are often more useful when many sensor nodes are operational, therefore it was of interest to test the operation of multiple tags simultaneously. Two extended antenna tags were tested: Tag 1 was fitted with a 315.15 MHz SAW filter (B3763, Epcos); Tag 2 was fitted with a 315.50 MHz SAW filter (B3765, Epcos). Both tags were placed within 20 cm of the interrogating antenna in order to obtain a stronger response signal from the sensor. Light was exclusively applied to Tag 1, Tag 2, or neither. In the 'ON' state, the light was again at full power. Magnitude shifts at each tag's respective operating frequency reveal the respective sensor state ( Figure 5 ). 
Varying Light Levels
A sensor tag was placed on the surface of a 5 gallon water container (radius of curvature of 16 cm) to test for flexibility and functionality at different light levels. As shown in Figure 6 , the flexible tag was applied without damaging the connections between the surface mount components and substrate interconnect. The minimum distance between the tag and the interrogating antenna was approximately 3 cm. Based on photocurrent response listed in the photodiode datasheet and measurements taken with the tungsten light source, we determined several values of illuminance corresponding to given power settings on the Fostec source. The end of the optical fiber light source was placed 2 mm away from the photodiode and several known illuminance values were applied. The response measured by the network analyzer shows that the magnitude of the reflections changes with varying light levels. Specifically, increased amplitudes at the operating frequency of the SAW filter correspond to increased levels of incident light (Figure 7 ). 
CONCLUSION
We have demonstrated that commercial surface mount electronics can be integrated onto the surface of microfabricated plastic substrates for wireless passive sensing. A sensor tag with a SAW filter and a photodiode was able to report the presence or absence of light with an antenna separation of 3.6 m. In principle any component that exhibits varying impedance with changes in a desired state can act as a sensor on this platform. Simultaneous discernment between two sensor tags is also demonstrated through frequency selectivity of different SAW filters. Due to the narrow passbands of SAW filters, it may be possible to construct larger networks utilizing differences in SAW operating frequencies to create unique identifiers. Additionally, a sensor tag was affixed to a curved surface and able to discern between three different levels of illumination.
